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Soil formation in tropical regions is deter-

mined by the nature and extent of the chemi-

cal weathering of the soil- forming materials.

The intense chemical weathering and the va-

rying length of time of exposure of minerals

to weathering have resulted in the develop-

ment of a broad sequence of soil formation

in the tropical areas of the world. Sherman

(1949) has shown that the soils of the Ha-

waiian Islands exhibit a sequence of soil de-

velopment which can be related to a sequence

of mineral weathering as proposed by Jackson

et aL (1948). This sequence of soil formation

represents a series of successive stages of sec-

ondary mineral development with the follow-

ing order of soils rich in: ( 1
)

primary minerals;

(2) montmorillonite; (3) kaolinite; (4) hy-

drated sesquioxides; and (5) dehydrated ses-

quioxides. The end product of this weathering

cycle would be either a ferruginous laterite or

a bauxite laterite, depending on the environ-

mental conditions. These two products rep-

resent two extremes of a wide range of weath-

ered end-products, as the intermediate member
—a ferruginous bauxitic laterite —is quite

common (Harrison, 1934).

Ferruginous laterite was described by Bu-

chanan (1807). As described by Buchanan,

laterite is a soil horizon which has a very high

content of iron oxides. These iron oxides

exist as the minerals, limonite, goethite, hema-
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tite, and magnetite. The profile of the fer-

ruginous laterite must have a horizon rich in

iron oxide which will harden, on exposure, to

an indurate layer with brick-like properties.

The ferruginous ' horizon may contain con-

cretions of iron oxide in which case it is a

pisolithic laterite, or the iron oxide may exist

as a lens in a porous matrix which is known
as a vesicular laterite, according to Pendleton

(1941). Ferruginous laterite may also develop

as a massive horizon near or at the surface

which on exposure will harden and develop

a uniform, structureless crust, or corapace.

Soils of this type have been described by

Aubreville (1947, 1948), Chevalier (1948),

and Sherman (1950).

The mode of origin, or formation, of fer-

ruginous laterite has been a point of contro-

versy. Glinka (1927) believed that laterites

formed under both evergreen and savannah

types of vegetation. Richthofen's views (I860)

differed from Glinka's in that he postulated

the formation of laterite under a former forest

vegetation which had been succeeded by a

shrub and grass vegetation. In other words,

as soils degraded they could not support the

evergreen forest; thus, the forest disappeared^,

and was replaced by a lower level of vegeta-

tion. Harrassovitz (1930), Holmes (1914),

and Campbell (1917) concluded from their

studies that laterite formed only where cli-

matic conditions were conducive to the up-

ward movement of the dissolved soil sesqui-

oxides, which would only occur under alter-

nating wet and dry conditions. On the other

hand, Pendleton (1941, 1942, 1946) believes

that laterites are formed by the oxidation and
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precipitation of the iron oxides in the zone

above the fluctuating water table. This layer

is made up of concretions of iron oxide which

will harden on exposure to give the ironstone

laterite, a material suitable for building mate-

rial. Finally, there are soil scientists who hold

that laterite has developed by residual accu-

mulation as the result of leaching and removal

of silica. Marbut (1932) and Fox (1933) were

the leading advocates of this hypothesis of

the mode of formation of laterite.

In spite of the numerous hypotheses as to

the origin of laterite, there are certain facts

which are included in all proposals. One of

these facts is that in the early stages the

weathering surface is losing silica and bases.

Desilication is taking place with the progres-

sive development of soils having a sequence

of minerals with a lower silica content. Sec-

ondly, as desilication proceeds the sesqui-

oxides accumulate in the soil. These weather-

ing processes are accelerated under high

rainfall and high temperatures which are com-

mon to many tropical regions. Lastly, all

ferruginous laterites harden on exposure. The
hardened laterite is made up of lenses or con-

cretions of iron oxides often cemented to-

gether by a kaolinitic clay.

A number of titaniferous ferruginous lat-

erite crusts have been described in the Ha-

waiian Islands by Sherman (1952). Each

profile of these soils has a massive indurate

surface horizon having both a high bulk den-

sity and a high particle density. This hardened

surface horizon is underlaid by a friable sub-

soil. This subsoil horizon possesses the bulk

density of an average soil. Likewise, the par-

ticle density is lower than that of the surface

horizon. Below the friable subsoil horizon is

an impervious layer which may be the un-

weathered country rock, a plastic clay, or an

unconformity-like relationship which may
have developed by pedogenic processes rather

than being a geological unconformity.

These laterite crusts were either barren or

were covered by scattered bunches of grass

or vines. However, some of the areas which

exhibited the crust-like surface horizon had

a fair amount of vegetation. These areas, also,

exhibited a high bulk density and high par-

ticle density relationship such as is found in

the barren crust areas. From many observa-

tions made during wet and dry weather, it

was noted that the bulk density of the soil

varied according to the soil moisture condi-

tions. In a visit to a barren crust area on

Kauai after a heavy rain, a marked difference

was observed between the bulk density and

hardness of the surface soil of the barren area

and the adjacent identical soil under a vege-

tative cover. It has been observed that the

crust will develop on irrigation ditch banks

where wetting and drying have occurred at

very frequent intervals. The appearance of the

hardened crust can be associated with dry

periods, suggesting that its formation is due

to dehydration. Thus, it is possible that vege-

tation will protect the hydrated minerals from

dehydration and prevent the crust formation.

A study has been conducted to determine

the role of dehydration of the hydrated ses-

quioxides in the development of the laterite

crust. The study also included the determina-

tion of the effect of dehydration on the physi-

cal and chemical properties of the soil. For

this study two sets of soil samples from ad-

jacent profiles were selected. The soil profiles

were located on the slopes of the western rim

of Waimea Canyon on the island of Kauai.

A titaniferous ferruginous laterite crust covers

a rather level bench on this slope. Profiles

were selected at different areas of this laterite

crust. The two main profiles used in this study

were taken at the edge of the barren crust area

so that the profile without a vegetative cover

was taken only 3 feet from the site of the

profile with a vegetative cover. The morphol-

ogy of the two profiles was identical except

for the obvious difference in the physical con-

dition of the surface horizon. The characteris-

tics of the two profiles are shown in Figure 1.

METHODSOF ANALYSIS

Soil samples were collected from the pro-
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Fig. 1. The location and relationship of the hardened crust and vegetative cover of two adjacent profiles from

Waimea Canyon, Kauai.

files as shown in Figure 1 and in a like manner

from Other similar areas, including the crust

developed on an irrigation ditch bank. The

bulk density, particle density, differential

thermal analysis, cation exchange capacity,

and content of the major oxides were deter-

mined for each soil sample. The bulk density

of the soil was determined by two methods.

The first was by removing the soil from a

given space and determining its dry weight.

The volume of soil was determined by fitting

a plastic bag to the space occupied by the

soil and ascertaining the amount of water

required to fill the hole. The second method

was similar except that the soil was taken by

a sharp-edged cylinder of a known volume.

The particle density of the soil was deter-

mined by the pycnometer (Wright, 1934).

The cation exchange capacity and the oxide

analysis were made by methods described by

Piper (1944). Differential thermal analysis was

made according to the procedure proposed

by Norton (1939).

EXPERIMENTALRESULTS

Bulk Density and Particle Density: The most

striking characteristics of the laterite crust are

the high apparent and true specific gravity.

Fujimoto etal. (1948) have described a laterite

crust in which the surface horizon contains

more than 50 per cent heavy minerals. In the

profile there is a tremendous difference be-

tween the indurate surface horizon and the

friable layer in their bulk density and soil

particle density. This same difference was

present in the surface layer of the barren pro-

file but was not apparent in the profile with

a vegetative cover. In Table 1 the bulk densi-

ties and particle densities of the soils taken

from a profile without vegetative cover and

a profile with vegetative cover are given. The

bulk density of the soil samples from the

well- developed laterite crusts was 1.9 or great-

er, and their particle density was higher than

3.8. The bulk density of the soils from the

profile with a vegetative cover was 1.0 or

lower and the particle density ranged from

2.7 to 3.3. The highest bulk<*density and par-

ticle density, 2.5 and 4.1, respectively, were

found in a fragment of the crust from an

irrigation ditch bank wall. The data clearly

demonstrate the obvious difference between

the soils of the barren areas and those with

a vegetative cover. The observations indicate

that the vegetative cover does protect the soil

from hardening to an indurate horizon. The

differences are more clearly demonstrated in

Table 2, which presents the averages of the

different types of soil profiles in Table 1.
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TABLE 1

A Comparison of the Bulk Density and Particle Density of Different Soil Horizons in Barren
' Laterite Crust Areas with Adjacent Areas Having a Vegetative Cover

BARRENSOILS (CRUST) vegetative COVER(no crust)

location DEPTH BULK
DENSITY

particle

DENSITY
location DEPTH BULK

DENSITY
PARTICLE

DENSITY

Laterite crust

Waimea Canyon
Site A

Inches

0- 7 2.0 3.84

Waimea Canyon
Site C near

sites A and B

Inches

0- 5 0.8 2.86

Laterite crust

Waimea Canyon
Site A—friable layer

7-14 1.1 2.71

Waimea Canyon
Site C near

sites A and B
5-10 0.9 2.99

Laterite crust

Waimea Canyon
Site B

0- 7 2.2 4.43 ,

Waimea Canyon
Site C near

sites A and B
10-15 0.9 2.82

Laterite crust

Waimea Canyon
Site B-—friable layer

7-14 0.8 2.21

Waimea Canyon
Site C near

sites A and B
15-20 1.0 2.91

Laterite crust

Lower Waimea Canyon
Irrigation ditch bank
Site E

0- 5 1.9 3.98

Laterite crust

Lower Waimea Canyon
Irrigation ditch bank
Site E

5-10 2.1 4.16

Waimea Canyon
Site D above

site C

Matted
roots

on
surface

0.9 2.75

Laterite crust

Lower Waimea Canyon
Irrigation ditch bank

Site E

10-15 2.1 4.25

Waimea Canyon
Site D above

site C
0- 5 0.9 3.24

Hardened soil

Lower Waimea Canyon
Irrigation ditch bank

0- 5 1.4 4.00

Waimea Canyon
Site D above

site C
5-10 0.9 3.21

Hardened soil

Lower Waimea Canyon
Irrigation ditch bank

5-10 1.3 3.81

Waimea Canyon
Site D above

site C
10-15 1.0 3.34

Hardened soil

Lower Waimea Canyon
Irrigation ditch bank

10-15 1.3 3.79

Loose clod

Irrigation ditch bottom 2.5 4.14

Chemical Composition: The soil samples from

the two profiles shown in Figure 1 were ana-

lyzed for major oxide constituents, and the

data obtained are given in Table 3. A marked

difference was found in the amounts of cer-

tain constituents and also in the weight loss

on ignition. The soil of the surface horizon

from the area having a vegetative cover showed

a loss of weight amounting to 28 per cent on

ignition, whereas the soil from the same ho-

rizon of the barren profile lost a little over 2

per cent. The same data from the 10-1 5 -inch



442 PACIFIC SCIENCE, VoL VII, October, 1953

TABLE 2

The Average Bulk Density and Particle Density of a Series of Ferruginous Laterites
AT Different Degrees of Hardening

AVERAGE samples from SAMPLESFROM
SAMPLESFROM

PROFILES SAMPLESFROM
CRUST HARDENEDSOIL HAVING VEGETATION FRIABLE SUBSOIL

Bulk density 2.13 1.33 0.91 0.95

Particle density 4.13 3.87 3.01 2.46

layer of both profiles showed practically no

difference in their loss of weight on ignition,

being 26 and 28 per cent.

The content of iron and titanium oxides

is the highest in the soil from the 0-5 -inch

and 5-10-inch layers of the profile of the

barren area, while the 10-1 5 -inch layer of both

profiles has a very similar amount of these

oxides. The aluminum oxide content of soil

from the 0-5 -inch and 5-10-inch layers of the

profile with the vegetative cover is higher

than that for the corresponding soil layers of

the profile from the barren area. The soils

from the profile with a vegetative cover are

less acid than the soils from the 'barren area.

In the former the soil reaction ranges from

pH 4.4 to 4.6 and in the latter from pH 3.8

to 4.2.

In Table 4 the data obtained from the ana-

lysis of cation exchange capacities of the soil

are given. The cation exchange capacity of the

soils shows the same relationship as the loss

on ignition. The soil from the surface horizon

of the profile from the area having a vege-

tative cover has a much higher exchange capa-

city than that from the surface horizon of the

profile from the barren area, being 41.0 and

3.7 milliequivalents per 100 grams, respective-

ly. Likewise, a difference existed in the 5-10-

inch layer of the two profiles in which the

cation exchange capacities were 37.0 and 15.6

milliequivalents per 100 grams, respectively.

The cation exchange capacities of the 10-15-

inch layer were very similar, being 38.4 and

34.9 milliequivalents per 100 grams. The or-

ganic matter content of the soil with a

vegetative cover was higher than that found

in the barren area. The organic matter content

is not of sufficient quantity to explain this

change in cation exchange capacity, so de-

TABLE 3

The Chemical Composition of Laterite Profiles; a Comparison of Effect of Dehydration
Due to Exposure on Chemical Composition

LOSS ON
DEPTH pn Si02 A1203 Fe203 Ti02 IGNITION

Soil with vegetative cover (no crust)

Inches Per cent Per cent Per cent Per cent Per cent

0- 5 4.6 7.50 13.00 41.80 6.03 27.92

5-10 4.6 7.84 15.45 40.99 6.29 26.78

10-15 4.4 14.78 22.60 27.40 4.34 28.53

Barren soil (crust)

0- 5 3.8 6.46 4.13 56.02 31.02 2.06

5-10 4.0 5.68 9.46 60.63 11.87 10.23

10-15 4.2 13.01 22.58 32.10 5.67 25.72
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TABLE 4

The Relationship between Loss on Ignition and Cation Exchange Capacity
UNDERBarren Laterite Crust and Adjacent Soil with a Vegetative Cover

barren soil (crust) SOIL WITH VEGETATION(NO CRUST)

depth CATION CATION

PH organic LOSS ON exchange PH organic LOSS ON exchange
matter ignition CAPACITY matter IGNITION CAPACITY

Inches Per cent Per cent m.e.llOOg. Per cent Per cent m.e.llOOg.

0-5 3.8 1.1 2.0 3.7 4.6 8.2 27.9 41.0

5-10. 4.0 10.2 15.6 4.6 26.8 37.0

10-15 4.2 25.7 34.9 4.4 28.5 38.4

hydration is considered to be the cause of its

reduction.

Differential Thermal Analysis: The thermal

curves obtained from the differential thermal

analysis are given in Figure 2 for the soil

profile from the barren area and Figure 3 for

the soil with a vegetative cover. There is a

marked difference in these two sets of curves.

The curve for the surface horizon of the soil

with a vegetative cover showed a strong exo-

thermic peak at 180°C., whereas the surface

soil from the barren area showed no thermal

reaction at this temperature. In fact, the curve

of the latter soil is very similar to that ob-

tained from a sample of hematite. The thermal

curves of the subsoil horizons of both pro-

files exhibit thermal peaks at 180°C. to 190°C.,

but none of the soils exhibited a peak at

710°C. which is characteristic of montmoril-

lonite. The thermal curves of this type are

probably due to the existence of amorphous

hydrated oxides of iron, aluminum, and ti-

tanium. Some of the soils have a small peak

at 350°C. which is probably due to goethite.

As the differential ' thermal analysis was

made on the untreated soils, the question

arises as to whether these curves are influenced

by the difference in organic matter content

of the soil. The surface soil of the profile with

a vegetative cover has a higher content of

organic matter than that of surface soil of

the barren area. It will be noted that the

thermal curves of the 10-1 5 -inch layer of the

profile with a vegetative cover are exactly the

same as that of the surface horizon. As this

horizon has a low organic matter content, the

minerals of the soil must be responsible for

its thermal characteristics. The loss of water

below 300°C. also substantiates the fact that

dehydration of minerals is responsible for

thermal characteristics of the soil, as the loss

of water is the greatest in those soils showing

thermal peaks at 180°C.

The ferrous iron content was determined

in the surface soils from the two profiles. The

soil from the profile with a vegetative cover

contained from two to five times as much
ferrous iron as the soil from the barren area.

As the surface soil from the barren areas is

magnetic and has a low ferrous iron content,

the presence of maghemite is suggested in

these soils. Furthermore, this would suggest

the existence of the lepidocrocite-maghemite

system in these soils as maghemite is the

product of dehydration of lepidocrocite. Fur-

ther evidence is needed to establish the valid-

ity of this suggestion.

DISCUSSION

The results of this study have established

that the indurate laterite crust horizon is de-

veloped by the dehydration of the hydrated

iron and titanium minerals in the soil. The

thermal curves from the differential thermal

analysis and the loss of water under 300°C.

of the two profiles have shown that hardening
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of the barren area is due to dehydration. In

the dehydration of the colloidal hydrated iron

oxides, water is lost and the oxides are con-

verted to hematite or related dehydrated iron

oxides. The process will cause an increase in

particle density and, according to Fujimoto

et al. (1948), an increase in particle size. The
question arises as to the length of time re-

quired for a ferruginous horizon to harden

to the laterite crust on exposure. Aubert (1949,

1950) has reported the formation of laterite

crusts under normal conditions in 35 to 60

years. Chevalier (1949) states that, if the forest

is removed by cutting, burning, or loss of

cover due to other reasons, the senile stage

(the laterite crust) will develop very rapidly.

Davis (1940) found that because of the clear

culture required in the culture of teak and

because teak trees lose their leaves during the

dry season, the laterite crust will develop in

a very short period of time [one dry season].

The hardening of Hawaiian soils on exposure

is very rapid, occuring in less than a year.

0 300 500 700 lOOO'C

Fig. 2. The differential thermal curves of the profile

from the barren area of a humic ferruginous latosol

soil.

Fig. 3. The differential thermal curves of a profile

with a vegetative cover of a humic ferruginous latosol

soil.

The dehydration ' of the soil causes very

important changes in the physical and chem-

ical properties of the soil. There is an obvious

change in compaction, bulk density, particle

density, and particle size. The most impor-

tant change is the loss of cation exchange

capacity. It has been observed that these bar-

ren areas are infertile. This infertility very

likely is due to the loss of adsorptive surface

and to the poor physical condition of the soil.

The reforestation of these laterite areas is a

slow process as the conditions for growth are

very poor.
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It has been established by Fieldes et aL

(1952) that the amorphous colloidal hydrated

oxides have a high cation exchange capacity.

In a personal communication from these

workers, they report that they have found

that the hydrated iron oxides lose cation ex-

change capacity on dehydration. These ob-

servations support the findings in this study.

SUMMARY

A study has been conducted to ascertain

the role of dehydration in the development

of the indurate laterite crust. The following

conclusions appeared to be justified:

1. The data obtained from differential ther-

mal analysis, elemental analysis, and physi-

cal measurements have established that the

dehydration of the colloidal hydrated ox-

ides of the soil is responsible for the de-

velopment of the indurate laterite horizon

when exposed to a drying environment.

2. The dehydration of the titaniferous fer-

ruginous horizon will increase the bulk

density and particle density of the soil.

3. Dehydration causes the development of

inert dehydrated minerals as shown by the

data on loss on ignition and cation ex-

change capacity. The colloidal hydrated

iron oxide is converted to hematite or

similar iron oxide minerals.

4. The rates of dehydration of ferruginous

layers will probably vary according to the

mineral content of soil and the vegetative

and climatic environments.
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